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25 Ag-Sb-Te (AST) thin film was successfully fabricated on a flexible polyimide
26 substrate by using DC magnetron sputtering from the AgSbTe (AST) target.
27 As-deposited samples were annealed at temperatures between 300 and 450°C
28 under vacuum for 30 min. Then, uni-leg AST thin film thermoelectric modules
29 of five elements were fabricated. Thermal annealing induced a change of
30 thermoelectric characteristic of the thin film from p-type material (300-350°C)
31 to n-type material (400-450°C) through the change in structures (amorphous
32 to crystalline, atomic composition ratio and surface roughness, etc.). The
33 highest power factor was 0.97 mW m ! K 2 and 0.065 mW m ! K 2 for p-type
34 and n-type, respectively. The maximum power generation of the uni-leg AST
35 thin film thermoelectric module was approximately 0.88 nW for p-type and
36 0.54 nW for n-type, with a temperature difference of around 20 K.
37 Key words: Flexible thin film thermoelectric, Ag-Sb-Te thin films, DC
38 magnetron sputtering
39 INTRODUCTION ’_I‘hermoelectl:icity (TE) is an energy technology of
interest which can be applied to renewable
40 Nowadays, the requirement of energy is very energy.'™ TE generation has primarily been direc-
41  important and trending to employ fuel energy, such ted toward increasing the material figure of merit
42 as oil, natural gas, and coal, and it has been (ZT), defined as, ZT :S;Z'T-T" where S is the Seebeck
43 increasing; The development of yenewal_)le energy coefficient, p is the electrical resistivity, and « is the
44  is interesting to researchers and innovation works.
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total thermal conductivity, and T is the absolute
temperature. The S?/p term is called the thermo-
electric power factor (PF).* However, PF value is
requested of maximum to be affected by high
electrical power of TE module. In this case, we
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suggested an Ag-Sbh-Te material because it has
received much more attention for the thermoelectric
devices with high ZT (around 1.55 at 533 K).? This
material is called a chalcogenide alloy, with appli-
cation in phase-change memory devices and
thermoelectric (TE) technologies.” ' This material
has a cubic rock-salt structure (Fm-3m) in which Na
sites are occupied by Ag or Sb randomly.!' Hence,
the Ag/Sb ratio is disordered atomic to modulate the
narrow band gap energy or display semimetal
behaviors'®® which are very important for ther-
moelectric properties.!! For AST bulk material at
room temperature, the authors reported high power
factor around 153-2340 W m ! K 2 and low ther-
mal conductivity around 0.3—-0.7 Wm ' K 11619 In
the case of a thermoelectric generator, the flexible
thin film thermoelectric is of extensive interest for
use in the microscale industry and wearable elec-
tronics.” In addition, the ZT value can be improved
due to the decrease in thermal conductivit'iy with
phonon scattering in thin film materials.??

In this work, we fabricated the uni-leg AST thin
film thermoelectric module with five elements on a
flexible polyimide substrate by using DC magnetron
sputtering. Crystal structure, microstructural, com-
position and thermoelectric properties of the AST
films were controlled by the annealing temperature
(300 to 450°C). Then, the power generation of the
module was also investigated.

EXPERIMENTAL DETAILS

AST thin films are deposited on polyimide flexible
substrates by DC magnetron from an AgSbTe (1:1:1

Technologies, Inc.) which are 59.0 mm in diameter
and 3.0 mm in thickness. Before deposition, the
base pressure for the high vacuum was required to
be under 4.0 x 10~ Pa. The depositing pressure is
about 2.67 Pa with the Ar gas flow rate of 30 scem.
DC power supply for film deposition is 40 W and the
film thickness is around 100-150 nm. After deposi-
tion, the as-deposited thin films were annealed at a
high temperature range (300°C to 500°C) under a
high-vacuum furnace (Lenton) for 30 min. Phase
identification of AST thin films was analyzed using
x-ray diffraction (XRD6100, Shimadzu) with a Cu
source (4 =154 A) as used 40 kV and 40 mA in
conventional 6 — 260 mode from 20° to 55° at a step of
0.02° and a scanning rate of 8°/min. The atomic
composition was examined using energy dispersive
x-ray spectroscopy (EDX) (SU8030, Hitachi). The
surface morphologies and roughness were examined
using atomic force microscopy (XE-120, Park Sys-
tems) in force modulation mode. The Hall Effect was
measured at room temperature under 0.55 T with a
four-probe configuration using the Van der Pauw
method (HMS-3000, Ecopia). The thermoelectric
properties, Seebeck coefficient and electrical resis-
tivity, were measured using a ZEM-3 instrument
(ZEM-3, Advance Riko).

The annealed thin films were used to fabricate a
flexible uni-leg thin film module with five pairs on a
polyimide substrate as shown in Fig. 1a and b. Five
TE elements of 2.0 mm x 20 mm were configured
in-plane with the polyimide substrate (25.40 mm? x

25.40 mm?) area, Silver (Ag) was used to make
electrode series between TE elements. Figure lc
and d displayed the model and real image of our TE

ratio) target of 99.99% purity (ULVAC
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Fig. 1. (a) design to fabrication of flexible thin film uni-leg module, (b) fabrication five TE elements onto polyimide substrate, (c) the model and (d)

real image of TE generation measurement system.
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Fig. 2. XRD patterns of AST thin films on polyimide flexible Fig. 8. The atomic composition of AST thin film with various
substrates as annealed at different temperature. annealing temperatures.
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Fig. 4. AFM 3D images of AST thin film surface morphology and roughness with various annealing temperatures: (a) As-deposited, (b) 300°C,
(c) 350°C, (c) 400°C and (e) 450°C.
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generator measurement system. The open voltage
(V,) was measured using a six-digit multimeter
(M3500A, Picotest) at difference temperatures (AT).
At AT with highest V,, the AT was soaked to
measure the electrical current (I) using a picoam-
meter (648 pm, Keithley) and output voltage (V)
within the various of load resistance (Ry,) applied
until 10 MQ to calculate the electrical power
(P =VI.

RESULTS AND DISCUSSION

The XRD patterns of AST films were shown in
Fig. 2. These results showed that the as-deposited
thin film tended to be amorphous and then became
crystalline as mixed between AgTe and AgSbTes
phases after thermal annealing. The major diffrac-
tion peak of AgTe (PDF#1600412) appeared at
20 = 30.94°, 31.39°, 38.82°, 40.45° and 45.11°, cor-
responding to (231), (320), (261), (090) and (222)
planes, respectively. = Meanwhile, = AgSbTe,
(PDF#893671) occurred at 20 = 29.37° and 42.52°,
corresponding to (200) and (220) planes. It is noted
that the thin film annealed up to 400°C slowly
decomposed to an AgTe phase and then completed
to an AgTe single phase at higher annealing
temperature (450°C). The intensity of AgTe phases
was gradually enhanced as the annealing temper-
ature increased due to the evaporation of antimony
at a high annealing temperature.”® The effect of
annealing temperature on the chemical composition
of thin film was studied using EDX, as displayed in
Fig. 3. Ag and Te suddenly increased as annealing
temperature increased to 450°C close to the melting
point Sbh. 3D AFM images of the as-deposited and
annealed AST films are presented in Fig. 4. The
analysis result of these sample images showed that
the roughness increased with temperature anneal-
ing, approximately 0.69 nm for as-deposited films,
and 1.35 nm, 2.82 nm, 15.09 nm and 16.08 nm for
the annealed films at 300°C, 350°C, 400°C and
450°C, respectively. From Fig. 4a, surface morphol-
ogy of the as-deposited amorphous thin film shows
smooth roughness and high homogeneity, while the
surface of annealed samples (Fig. 4b—d) showed a
gradual island-like shape and sharp spike which
may be the result of oriented grains pushing out of
the thin film during annealing at high temperature
(300°C to 400°C). Moreover, the surface of the thin
film annealed at 450°C containing a main AgTe
phase (Fig. 4e) displayed a dramatic change due to
the evaporation of antimony. This is because the
bonding energy of the Ag-Te bond is a less than the
Sb-Te bond of around 81.60 kJ mol™*.** These
results indicate that the high-temperature anneal-
ing has influenced the phase transformation in AST
thin film (AgSbTe; and AgTe mix phases to AgTe
pure phase) and possibly affects the thermoelectric
properties of thin film which will be discussed in the
next section.
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Fig. 5. Thermoelectric properties of AST thin films (a) carrier

concentration and mobility, (b) electrical resistivity and (c) Seebeck
coefficient and power factor as annealing temperature functions.

The carrier concentration and mobility method of
the AST thin film obtained using the Hall effect are
presented in Fig. 5a. The carrier concentration
decreased gradually and the mobility increased
with increasing annealing temperature. Those
dependencies might come from acoustic phonon
scattering in the sample due to increasing content
of an Ag-Te phase'® and also the charge discrepancy
of non-stoichiometric ratios between Ag and Te.!
The electrical resistivity of the AST thin film was
determined from concentration and mobility values®
as follows: p = ﬁ, where q is carrier charge, n is
carrier concentration, and p is carrier mobility.
Figure 5b shows the electrical resistivity of the

Journal : 11664_JEM

-
-~

Article No.: 7756

Dispatch : 29-10-2019 Pages: 6
0 JLE 0 TYPESET
o CP ¥ DISK

181
182
183
184
185
186
187
188
189
190
191

192
193
194



e
o
=
o
=
—
(=]

=)

=
=
<

195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

Transfer of P-type to N-type Thermoelectric Properties of Ag-Sb-Te Thin Film Through

Temperature Annealing and Its Electrical Power Generation
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Fig. 6. (a) The V, of TE thin film modules within the AT increasing
and (b) Pnax values (color scatters) versus output voltage (open
scatters) as same the scatter type and electrical current.

annealed sample, which tended to increase with the
annealing temperature. At an annealing tempera-
ture of 350°C, the thin film has a minimum resis-
tivity p of 0.35 x 10~* Q m. Figure 5¢ shows the
Seebeck coefficient and power factor of the AST thin
film as various annealing temperatures. It is noted
that the annealing temperature changed the ther-
moelectric properties of thin film from p-type mate-
rial (300-350°C) to n-type material (400—450°C) due
to structural change as mentioned above. Moreover,
these results claim that the p-type and n-type of
AgTe depend on the composition of the Ag:Te ratio,
and the Ag-Te was n-tyg)e because there was more
Ag than Te in the ratio®® as corresponds to the film
annealed at 400 and 450°C. Moreover, the narrow
band gap semiconductor behavior of these materials
unbalanced the number of electrons and holes in a
two-carrier system.'®?® The power factor (PF =
S?/p) is an important thermoelectric parameter
which is calculated by relative the Seebeck coeffi-
cient and electrical resistivity. The power factor as
calculated follows the Seebeck coefficient increases
first and then decreases suddenly with high electri-
cal resistivity and low Seebeck coefficient at anneal-
ing temperatures of 400°C and 450°C. The
maximum Seebeck coefficient and power factor of

186 VK ' and 0.97 mW m ! K2, respectively,
were obtained from the film annealed at 350°C.

In case of power generation, the Vg of thin film
modules were linearly increased with the increase
of AT, as shown in Fig. 6a. The maximum output
power P,,., values versus output voltage and cur-
rent as illustrated in Fig. 6b. At AT = 20°C (hot side
of 50°C and cool side of 30°C), the TE module with
thin film annealed at 350°C had shown the highest
open voltage approximately 22 mV and the maxi-
mum power around 0.90 nW with the Ry, at 1 MQ.

CONCLUSION

The AST thin films were successfully deposited on
the polyimide substrate using DC magnetron sput-
tering. The annealing temperature has an effect on
microstructure, morphology, composition and ther-
moelectric properties of AST thin films. The as-
deposited thin films showed an amorphous phase
and then became mixed crystalline of Ag,Te and
SboTeg phases after annealing. The film annealed at
350°C showed good TE properties with the maxi-
mum Seebeck coefficient and power factor around
186 VK ' and 0.97 mW m ! K 2, respectively.
Moreover, its TE module could generate a maximum
power of approximately 0.90 nW (at AT = 20°C).
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